MB. Elastase-and LPS-exposed mice display altered responses to rhinovirus infection. Am J Physiol Lung Cell Mol Physiol 297: L931-L944, 2009. First published September 11, 2009 doi:10.1152/ajplung.00150.2009.-Viral infection is associated with approximately one-half of acute exacerbations of chronic obstructive pulmonary disease (COPD), which in turn, accelerate disease progression. In this study, we infected mice exposed to a combination of elastase and LPS, a constituent of cigarette smoke and a risk factor for development of COPD, with rhinovirus serotype 1B, and examined animals for viral persistence, airway resistance, lung volume, and cytokine responses. Mice exposed to elastase and LPS once a week for 4 wk showed features of COPD such as airway inflammation and obstruction, goblet cell metaplasia, reduced lung elastance, increased total lung volume, and increased alveolar chord length. In general, mice exposed to elastase or LPS alone showed intermediate effects. Compared with rhinovirus (RV)-infected PBS-exposed mice, RV-infected elastase/LPS-exposed mice showed persistence of viral RNA, airway hyperresponsiveness, increased lung volume, and sustained increases in expression of TNF␣, IL-5, IL-13, and muc5AC (up to 14 days postinfection). Furthermore, virus-induced IFNs, interferon response factor-7, and IL-10 were deficient in elastase/LPS-treated mice. Mice exposed to LPS or elastase alone cleared virus similar to PBS-treated control mice. We conclude that limited exposure of mice to elastase/LPS produces a COPD-like condition including increased persistence of RV, likely due to skewing of the immune response towards a Th2 phenotype. Similar mechanisms may be operative in COPD. chronic obstructive pulmonary disease; goblet cell metaplasia; IL-10; innate immunity; interferons CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is a progressive disease and characterized by small airway inflammation, airway obstruction due to hypersecretion of mucus, emphysema, and abnormal inflammatory response of lungs to external stimuli. Although the primary cause of COPD is smoking and chronic exposure to environmental pollutants, acute exacerbations (AE-COPD) due to infections can accelerate disease progression. One-half of all AE-COPD are associated with bacterial infection, with non-typeable Hemophilus influenzae being the most common pathogen (1). Exacerbations are also associated with the acquisition of new strains of H. influenzae, Moraxella catarrhalis and Streptococcus pneumoniae, Enterobacter, and Pseudomonas aeruginosa (11, 44) . On the other hand, between 27 and 56% of AE-COPD has been associated with respiratory viral infections, with rhinovirus (RV) being the most common virus isolated (14, 39, 43). Furthermore, mild COPD patients experimentally infected with RV showed persistence of virus that was associated with increased proinflammatory cytokines in nasal lavage and significant increases in lower respiratory tract symptoms compared with normal volunteers (31). However, the underlying reasons for RV persistence and associated increased inflammatory response in COPD patients are poorly understood.
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LPS is a major proinflammatory component of gram-negative bacteria that is present in cigarette smoke in appreciable amounts (19, 28, 42) . LPS has also been shown to be an active component of various occupational and environmental hazards (40) . Experimental inhalation of LPS evokes pulmonary and systemic inflammation in healthy human subjects (22, 33) . In experimental animals, long-term intratracheal exposure to LPS (twice a week for 3 mo) causes goblet cell metaplasia, airway wall thickening, and emphysema, which persist up to 8 wk after the final LPS administration (24, 47) . Recently, exposure of mice to inhaled LPS, 4 h a day for 4 wk, was shown to cause emphysema-like changes that persisted up to 4 wk (6). Thus, chronic LPS exposure mimics changes observed in human subjects with COPD, suggesting that this model could be applicable to the study of RV-induced exacerbations. To accomplish this, we augmented the LPS model by adding exposure to elastase, a well-known inducer of emphysematous lung lesions that generates proinflammatory elastin fragments (20) . Addition of elastase considerably decreased the number and frequency of exposures and dose of LPS required to generate a COPD phenotype. Finally, we inoculated elastase-and LPSexposed mice to human RV1B, a minor group virus capable of replicative lung infection in mice (37) . We found that, upon infection with RV1B, elastase-and LPS-treated mice with pathological and physiological changes typical of COPD show persistence of RV in their lungs, airway hyperresponsiveness, increased lung volume, and increased airway inflammation compared with control animals. Furthermore, elastase-and LPS-exposed mice showed deficient IFN and IL-10 responses to viral infection. Mice exposed to elastase or LPS alone showed intermediate pathological and physiological changes and cleared RV from their lungs similar to PBS-treated mice.
MATERIALS AND METHODS
Animals. Eight-to ten-week-old female C57BL/6 mice were purchased from Charles River Laboratories (Wilmington, MA) and housed in a pathogen-free facility. All experiments described herein were approved by the Animal Care and Use Committee of the University of Michigan.
Elastase and LPS exposure. Animals were exposed by the intranasal route to 1.2 units of porcine pancreatic elastase (Elastin Products, Owensville, MO) on day 1 and 7 g (ϳ70 endotoxin units) of LPS from Escherichia coli O26:B6 (Sigma-Aldrich, St. Louis, MO) on day 4 of the week for four consecutive weeks. In some experiments, mice were treated with elastase or LPS alone, once a week for 4 wk. One week after the last exposure to LPS or elastase, lung histology, volume, elasticity, cytokines, airway cholinergic responsiveness, and susceptibility to RV infection were assessed. Mice repeatedly treated with PBS instead of elastase and/or LPS were used as controls.
RV infection. RV1B was purchased from American Type Culture Collection (ATCC; Manassas, VA). Viral stocks were generated by infecting H1 HeLa cells (ATCC) as described previously (36) , and 50% tissue culture infectivity (TCID50) values of viral stock were determined by the Spearman-Karber method (23) . One week after the 4-wk exposure to PBS, LPS, elastase, or elastase/LPS, mice were anesthetized briefly with isoflurane and inoculated with 50 l (5 ϫ 10 7 TCID50/mouse) of RV1B or uninfected HeLa cell supernatant (sham) by the intranasal route, as described (37) .
Measurement of lung elasticity and airway cholinergic responsiveness. Mice were anesthetized by intraperitoneal injection of ketamine (2.5-5 mg/100 g body wt). A steel cannula was inserted into the trachea and connected to a miniature computerized FlexiVent ventilator (Scireq, Montreal, Quebec, Canada). Pentobarbital sodium (2 mg/100 g body wt) was also given to provide further sedation and allow stabilization on the ventilator. To determine elastic recoil, lungs were gradually inflated to 30 cmH 2O, and pressure and lung volume was measured continuously during inflation and deflation of the lungs. Elastance and compliance were recorded by inflating the lungs to full capacity. Airway responsiveness to methacholine was measured by nebulizing increasing doses of methacholine. Airway resistance was measured every 15 s for a period of 3 min, and the highest resistance recorded was considered for calculation (37) .
Total lung volume, lung histology, and morphometry. Lungs were inflated at a constant pressure of 30 cmH2O for 30 min, and the lung volume was measured by fluid displacement. For histological evaluation, inflated lungs were embedded in paraffin, and 5-m-thick sagittal sections were stained with hematoxylin and eosin or periodic acid-Schiff (PAS) reagent. Alveolar chord length was determined using sagittal sections obtained at 5-mm intervals through the length of the lungs, and diameter of the air spaces measured in random areas was measured using NIH Image J analysis software (38) . The airway wall thickness (between the basement membrane and adventitia) of non-cartilageous bronchioles (excluding terminal bronchioles) was also measured.
Lung inflammatory cells. Mice were euthanized, and lungs were lavaged with PBS containing 5 mM EDTA. Total and differential cell counts were determined as described previously (37) . Bronchoalveolar lavage cells were immunolabeled with antibodies to CD4, CD8, CD11b, CD11c, and CD19 and analyzed by flow cytometry.
Viral titers in infected animals. Lung homogenates from mice were subjected to two freeze-thaw cycles and centrifuged. Viral titers (TCID 50) in lung homogenate supernatants were determined as described previously (23) , with some modifications. HeLa cells (1 ϫ 10 4 /well) were mixed with 10-fold serial dilutions of lung homogenates and plated in 96-well plates in DMEM containing 10% serum, 5 mM L-glutamine, and penicillin (50 U/ml)/streptomycin (50 g/ml). Cells were incubated for 3 days, the cytopathic effect was scored, and data were presented as TCID50/ml.
Quantitative real-time PCR. Total RNA from lungs was used to quantify viral RNA, IFN␣, IFN␤, IFN␥, IRF-7, TNF␣, IL-5, IL-10, IL-13, muc5AC, and muc5B mRNA levels by quantitative real-time PCR using specific primers. Immunofluorescence staining. Deparaffinized and hydrated lung sections were heated at 120°C under pressure in 0.1 M citrate buffer (pH 6.0) to unmask antigens. Sections were blocked with 5% normal donkey serum and incubated with RV1B antiserum (ATCC). Bound antibody was recognized with second antibody conjugated with Alexa Fluor 488 (Invitrogen). Sections were counterstained with Mayer's hematoxylin (Sigma-Aldrich) and visualized by fluorescence microscopy (37) .
Statistical analysis. Results are expressed as means Ϯ SD or geomean with complete range of data. Data were analyzed by using SigmaStat statistical software (Systat Software, San Jose, CA). Oneor two-way ANOVA with Tukey-Kramer post hoc analysis was performed as appropriate to compare groups, and a P value Ͻ 0.05 was considered significant.
RESULTS
Histological evaluation of the lungs. Seven days after the final treatment with LPS, elastase, elastase/LPS, or PBS, mice were euthanized for histological examination. PBS-treated mice showed normal histology with no accumulation of inflammatory cells in the alveolar space (Fig. 1, A and B) . Mice treated with LPS ( Fig. 1, C and D) or elastase alone (Fig. 1, E and F) showed mild peribronchiolar and perivascular inflammation, with neutrophils and lymphocytes being the major inflammatory cells in LPStreated mice and macrophages in elastase-treated mice. In contrast, elastase/LPS-treated mice showed widespread lung inflammation (Fig. 1, G and H) . Large aggregates of mononuclear inflammatory cells and neutrophils were noted in both the peribronchiolar and perivascular spaces. We also observed accumulation of mononuclear cells in the air spaces.
PBS-treated mice showed very few PAS-positive cells in the large airways and none in the small airways (Fig. 2, A and B) . LPS-or elastase-treated mice showed more PAS-positive cells in both the large and small airways (Fig. 2, C-F) . Compared with mice treated with elastase or LPS alone, mice treated with a combination of elastase and LPS showed a further increase in the number of PAS-positive cells in both the large and small airways (Fig. 2, G and H) . Immunostaining of lung sections with muc5AC antibody indicated that PAS-positive cells in the airways were in fact mucin-producing goblet cells (Supplemental Fig. 1 . Supplemental data for this article is available online at the AJP-Lung web site.).
Examination of parenchyma indicated normal alveoli in mice treated with PBS or LPS (Fig. 3, A and B) . By morphometric analysis, average chord length in PBS-treated mice was found to be 33 M, similar to an earlier report (45) . LPS treatment did not increase the chord length, consistent with the histological observations. In contrast, mice treated with elastase alone or elastase/LPS showed alveolar destruction, which resulted in enlarged air spaces, an indication of emphysematous change (Fig. 3, C and D) . Elastase-treated mice showed a small but significant increase in mean chord length over PBStreated control mice. Elastase/LPS mice showed almost a twofold increase in mean chord length over PBS-treated control mice, which was significantly higher than that observed in mice treated with PBS, LPS, or elastase alone (Fig. 3E ). Morphometric analysis of the small airways indicated significantly increased airway wall thickness in elastase/LPS-treated mice compared with PBS-treated control mice (Fig. 3F) .
Lung function and volume. To assess elasticity of the lungs, we determined total respiratory system compliance, elastance, and the pressure-volume (PV) relationship during air inflation for at least six mice from each group. Compared with PBS- treated control mice, compliance was significantly increased in mice treated with elastase and elastase/LPS, but not those treated with LPS alone (Fig. 4A ). Mice treated with elastase alone and elastase/LPS also showed decreased elastance compared with PBS-treated mice (Fig. 4B ). Consistent with these observations, elastase/LPS-treated mice always showed an upward and leftward shift in the PV relationship compared with PBS-treated mice, demonstrative of reduced elastic recoil (Fig. 4C) . LPS-or elastase-treated mice showed smaller changes. Total lung volume at a constant pressure of 30 cmH 2 O was also significantly increased in elastase/LPS-treated mice (Fig. 4B) . LPS/elastase-treated mice showed a statistically significant increase in basal airway resistance (0.84 Ϯ 0.03 cmH 2 O⅐ml Ϫ1 ⅐s
Ϫ1
) compared with PBStreated controls (0.66 Ϯ 0.01 cmH 2 O⅐ml Ϫ1 ⅐s
). However, there was no significant difference in airway responsiveness to methacholine challenge between the two groups (see below).
Lung inflammation. To examine whether these structural and morphological changes were associated with altered cytokine levels in the lungs, we measured the protein levels of IL-1␤, IL-6, IL-17, IL-18, TNF␣, KC, MIP-2/CXCL2, and IFN␥ by ELISA. The proinflammatory cytokines IL-1␤, IL-6, and TNF␣, as well as the neutrophil chemoattractant MIP2, were significantly increased in LPS-, elastase-, and elastase/LPStreated mice compared with PBS-treated mice (Fig. 5A) . However, elastase/LPS mice showed higher increases in the aforementioned cytokine levels than the mice treated with LPS or elastase alone. Elastase/LPS-treated mice also showed a small but statistically significant decrease in IFN␥ compared with mice in other groups. These results indicate that inflammatory changes in elastase/LPS-treated mice are associated with an altered expression of cytokines.
Analysis of cells in bronchoalveolar lavage (BAL) fluid indicated an increased number of total cells in LPS-, elastase-, and elastase/LPS-treated mice compared with PBS-treated controls (Fig. 5B) . However, elastase/LPS-treated mice showed almost twofold more cells than mice treated with LPS or elastase alone. The number of macrophages, neutrophils, and lymphocytes was significantly increased in LPS-, elastase-, and elastase/LPS-treated mice compared with PBS-treated controls. LPS-treated mice showed more neutrophils and lymphocytes compared with mice treated with either elastase alone or elastase/LPS. Further analysis of BAL cells by immunolabeling followed by flow cytometry revealed 10-fold or greater increases in number of CD4 ϩ and CD8 ϩ T lymphocytes in all three treatment groups and CD19 ϩ B lymphocytes in only LPS-and elastase/LPS-treated mice (Fig. 5) . Again, LPStreated mice showed a larger increase in the lymphocyte population compared with the other two groups. There were also increases in the numbers of monocytes (CD11b
Ϫ , low-autofluorescence cells) in LPS-and elastase/ LPS-treated mice compared with PBS-treated controls, perhaps reflecting recruitment of monocytes from the bone marrow (17) . The CD11b ϩ /CD11c ϩ population (which includes inflammatory macrophages and immature dendritic cells) was also increased in LPS-and elastase/LPS-treated mice compared with PBS-treated controls, whereas numbers of mature alveolar macrophages (CD11b Ϫ /CD11c ϩ , high-autofluorescence cells) did not differ significantly (Fig. 5) . Lung homogenate MPO activity was significantly increased in LPS-and elastase/LPS-treated mice (Fig. 5 ) compared with PBS-treated mice, consistent with the observed increase in neutrophils. Although elastase-treated mice showed an increase in MPO activity compared with PBS mice, the difference was not statistically significant. Together, these results suggest that the combination of elastase and LPS induces more dramatic alterations in lung function and histology than either agent alone. For this reason, we focused subsequent studies on the outcome of RV infection on elastase/LPS-treated mice. For comparison, a limited number of studies were also performed in mice treated with elastase or LPS alone.
RV infection.
Recently, we have demonstrated the feasibility of infecting mice with RV1B, a minor group virus that binds to low-density lipoprotein family receptors (37) . PBS-or elastase/ LPS-treated mice were intranasally inoculated with 5 ϫ 10 7 50% tissue-culture infective dose (TCID 50 ) RV1B, replication-deficient UV-irradiated RV1B (UV-RV1B), or sham HeLa cell supernatant 1 wk after the last exposure to elastase/LPS. RVinfected PBS mice showed low levels of replicating virus up to 4 days postinfection, as measured by TCID 50 . In contrast, RVinfected elastase/LPS mice showed virus up to 14 days after infection (Fig. 6A) , and viral titers were 4 -5 log higher than corresponding RV-infected PBS mice at all time points examined. None of the mice infected with UV-RV1B or treated with sham showed replicating virus in their lungs (data not shown). We then measured levels of viral RNA (vRNA), which can also elicit inflammation (37) . PBS mice showed the presence of vRNA 1 and 4 days postinfection, whereas elastase/LPS mice showed vRNA up to 14 days after inoculation, at significantly higher Fig. 4 . Compliance, elastance, elastic recoil, and total lung volume. Mice were anesthetized and compliance (A), elastance (B), and pressure-volume relationships were (C) measured using the Flexivent system. Elastaseand elastase/LPS-treated mice showed an increase in compliance, a decrease in elastance, and a left shift of PV-loop compared with PBS-or LPS-treated mice (gray). Data are representative of at least 6 animals per group. B: with the chest closed, lungs were instilled with buffered formalin at 30 cmH2O constant pressure for 30 min via a catheter inserted into the trachea, and total lung volume was measured by volume displacement. Elastaseand elastase/LPS-treated mice showed higher total lung volume than the PBS-treated mice. Data in A, B, and D represent means and SD calculated from 6 -8 animals per group, *different from PBS group, P Յ 0.05; †different from all other groups, P Յ 0.05, 1-way ANOVA. A representative PV curve from 4 to 6 mice from each group is shown in C. Fig. 5 . Lung inflammation. A: supernatants from lung homogenates were analyzed by Bioplex ELISA to determine cytokine levels. Elastase-, LPS-, and elastase/LPS-treated mice showed significant increases in IL-1␤, IL-6, TNF␣, and MIP-2, and elastase/LPS mice showed a decrease in IFN␥-compared with PBS-treated mice. B: BAL was performed in PBS-, elastase-, LPS-, and elastase/LPS-treated mice, and total and differential cell counts were determined. Compared with PBS-treated mice, LPS-, elastase-, or elastase/LPS-treated mice showed higher total cell counts and increased macrophages, lymphocytes, and neutrophils. Elastase/LPS-treated mice showed significant increases in total cell counts and macrophages compared with all other groups. C and D: immunolabeling and flow cytometric analysis of BAL cells revealed that elastase-and elastase/LPS-treated mice showed increased numbers of CD4 
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/CD11C
Ϫ and CD11b ϩ /CD11c ϩ cell population. E: MPO activity in the lung homogenates of elastase/LPS-treated mice was greater than in PBS-, LPS-, or elastase-treated mice. N ϭ 6, *different from PBS group, P Յ 0.05; †different from all other groups, P Յ 0.05, 1-way ANOVA. levels than their respective PBS-treated mice (Fig. 6B ). Mice infected with UV-irradiated RV1B showed 2-3 log lower levels of vRNA compared with respective RV-infected animals. Mice treated with LPS or elastase alone before RV1B infection were examined for viral titer and viral RNA at 7 days postinfection. Both groups of mice showed negligible viral titers and vRNA in their lungs at that time point (Fig. 6, C and D) , similar to PBS-treated mice.
We next examined the lungs from RV-infected PBS and elastase/LPS-treated mice for the presence of virus by immunofluorescence staining. As observed previously (37), anti-RV1B immunofluorescence staining of lung sections from PBS-treated mice showed occasional RV1B-positive cells in the airway epithelium and surrounding peribronchium, likely indicating the infection of inflammatory cells (Fig. 7, A and B) . Immunostaining was observed 1 but not 4 days after initial infection, consistent with viral titers. Elastase/LPS-treated mice exhibited abundant RV-positive cells in the airway epithelium (Fig. 7C) as well as in the lung parenchyma, where the signals were predominantly found in infiltrating inflammatory cells (Fig. 7D) . Infection of lung cells was also observed, albeit at a lower level, in day 14 mice (Fig. 7, E and F) . Together, these results indicate that RV persists at higher levels and for a longer period in elastase/LPS mice than PBS mice.
RV-induced changes in airway responsiveness and lung volume. Airway cholinergic responsiveness was measured in anesthetized tracheotomized animals (Fig. 8, A-D) . PBStreated mice inoculated with RV1B showed hyperresponsiveness to methacholine challenge on day 1 and returned to normal by day 4. In contrast, elastase/LPS-treated mice inoculated with RV1B showed a delayed increase in airway responsiveness that appeared at day 7 and persisted to day 14.
Persistence of airway hyperresponsiveness after RV infection may relate in part to the observed airway remodeling (Fig. 3F) . Similar to PBS-treated mice, RV1B infection of mice treated with elastase or LPS alone showed normal airway responsiveness at 7 days postinoculation (Fig. 8E) .
We also examined total lung volume at a constant distending pressure of 30 cmH 2 O. In PBS-treated mice, there was no change in lung volume 1-14 days after RV inoculation. In contrast, elastase/LPS mice, which demonstrated increased total lung volume under basal conditions, showed a further increase 7 days after RV inoculation (Fig. 7F) . Inoculation with UV-RV1B had no effect on total lung volume in either PBS or elastase/LPS mice (not shown). These results suggest that infection with RV induces airway narrowing, with consequent hyperinflation, in elastase/LPS-treated mice, but not mice treated with PBS, elastase, or LPS alone.
IFN levels in RV-infected mice. Viral clearance has been shown to depend in part on IFN production. We therefore measured IFN␥ mRNA and protein levels by quantitative PCR and ELISA. PBS-treated control mice inoculated with RV1B showed increased IFN␥ mRNA and protein levels on day 4 postinfection (Fig. 9, A and B) , whereas elastase/LPS-treated mice inoculated with RV1B failed to show such an increase. mRNA levels of IFN␣ and IFN␤ also did not increase in elastase/LPS-treated mice upon RV inoculation (Fig. 9, C and  D) . In addition, elastase/LPS-treated mice inoculated with RV showed lower expression of interferon response factor (IRF)-7 and IL-10 than similarly inoculated PBS-treated mice (Fig. 9,  E and F) . These results provide a partial mechanistic explanation for the failure of elastase/LPS-treated mice to clear RV from their lungs efficiently. Analysis of differential cell counts and histological evaluation revealed a short-lived increase in neutrophils in both groups of mice inoculated with RV compared with their respective sham-infected animals (not shown). We examined the expression of TNF␣ and IL-13, each of which have been shown to increase airway responsiveness (9, 16, 27, 50) . mRNA levels of both TNF␣ (Fig. 10A) and IL-13 (Fig. 10C) were significantly higher in RV-inoculated elastase/LPStreated mice. Changes in mRNA were accompanied by increased protein levels of TNF␣ (Fig. 10B ) and IL-13 ( Fig.  10D) in the lung homogenates. We also observed increased mRNA expression of another Th2 cytokine, IL-5, in elastase/ LPS-treated mice compared with PBS-treated mice (Fig. 10E) .
Mucus plugging of the airways is one of the cardinal features of COPD, and RV has been shown to increase mucus secretion in vitro and in vivo (4, 21, 52) . We examined expression of the mucin genes muc5B and muc5AC by real-time quantitative PCR. RV inoculation of PBS-treated mice caused a twofold increase in muc5AC expression on day 4, which returned to baseline by day 7 (Fig. 10F) . Elastase/LPS-treated mice showed fourfold higher muc5AC levels than PBS-treated mice under basal conditions, which further increased after RV inoculation. This difference persisted up to 14 days after infection. No difference in expression levels of muc5B transcripts was observed between RV and sham-inoculated animals (not shown).
DISCUSSION
A growing body of evidence implicates viral upper respiratory infection as an important cause of AE-COPD. AE-COPD are more frequent during winter months when respiratory viral infections are prevalent and often preceded by clinical symptoms of the common cold. RV is the most common viral pathogen in AE-COPD (43) . However, the mechanisms by which RV causes exacerbations in COPD patients are not well understood, in part due to the lack of suitable animal model. We and others recently showed that mice inoculated with RV1B, which replicates in mouse airway epithelial cells (46) , show neutrophilic airway inflammation, evidence of RV replication in vivo, and hyperresponsiveness up to 4 days after inoculation (4, 37). In the present study, we show that, upon RV infection, elastase and LPS-treated mice with structural and functional lung changes reminiscent of COPD show delayed and persistent airway hyperresponsiveness, a significant increase in total lung volume and mucin expression, and viral persistence up to 14 days after infection. As far as we are aware, this is the first study examining the innate immune response to viral infection in animals with a phenotype resembling COPD. Our data parallel findings in a pilot study of experimental RV infection of COPD patients (31) . In the latter study, RV infection was associated with lower respiratory tract symptoms, reduced airway function and replication, and persistence of virus up to 11 days after inoculation.
Persistence of RV was associated with deficient IFN and IL-10 responses, and augmented IL-5 and IL-13 responses, indicating at least two potential mechanisms for reduced clearance and increased severity of lung disease. IFNs play an important role in limiting viral spread in the early stages of infection. In the present study, RV-infected, elastase/LPStreated mice failed to show significant increases in lung IFN. RV-infected elastase/LPS mice also showed reduced expression of IRF-7, which is required for maximal IFN␥ expression (41) . A similar deficiency in the IFN response to RV has been shown in experimentally infected asthmatic patients (8, 32, 49) . Studies of BAL T cells from COPD patients tend to show a decreased percentage of IFN␥-producing cells following anti-CD3/anti-CD28 antibody stimulation (3), consistent with the notion of a deficient IFN␥ response during AE-COPD.
IL-10, an immunomodulatory cytokine, blocks proinflammatory cytokine production by inhibiting T cells and preventing the maturation of dendritic cells, suggesting that IL-10 plays a role in maintaining chronicity and pathogenicity in chronic infections (12) . In the present study, elastase/LPStreated mice with increased viral loads showed reduced IL-10 responses, consistent with the notion that IL-10 production provides an element of protection against RV infection. BAL cells from atopic asthmatic subjects show a deficient IL-10 response that correlates with increased viral load, lower airway inflammation, and lung function impairment in response to experimental RV infection (32) . Furthermore, lung tissue from COPD patients show decreased LPS-induced IL-10 release compared with lung tissue from patients with normal lung function (18) . Together, these data suggest that differences in the production of IL-10 may have important biological implications for AE-COPD.
Recently, cigarette smoke was shown to enhance the inflammatory, remodeling, and apoptotic effects of influenza virus in the lung (25) . In particular, 2 wk of cigarette smoke exposure increased the induction of IL-18, IL-12/IL-23 p40, and IFN␥ caused by influenza virus. However, there was no effect on viral titer. In the present study, elastase/LPS enhanced the inflammatory effects of RV in the lung, including enhanced induction of TNF␣, IL-13, and IL-5. However, in our study, IL-10 and IFN␥ were decreased, and viral load increased. These differences could be attributed to disparities in the animal models used, as 2 wk of cigarette smoke exposure is insufficient to generate a COPD phenotype. It is also possible that the observed discrepancies in the response to infection could be due to differences in the viruses themselves.
In general, Th1-dominated tissue inflammation, including the increased production of IL-10 and IFN␥ by activated T cells, is believed to play a central role in COPD pathogenesis, particularly in development of emphysema (10, 13, 15, 30) . Most recently, administration of cigarette smoke and synthetic double-stranded RNA was shown to induce IFN␥-dependent emphysema in mice (25) . On the other hand, transgenic overexpression of the Th2 cytokine IL-13 also induces emphysema (48) , and Sendai virus infection induces IL-13-dependent chronic lung disease in mice (26) . Increased levels of Th2 cytokines have been found in patients with COPD, especially in patients who fulfill the criteria for diagnosis of chronic bronchitis (2, 34, 35) . In the present study, levels of IL-13 and IL-5 were higher in RV-inoculated elastase/LPS-treated mice. These results are compatible with a distinction between a general Th1 cytokine response underlying progression of COPD, especially of its emphysematous component, and a defective Th1/Th2 balance during AE-COPD, or in chronically infected airways.
Expression of ICAM-1, a receptor for major group RV, is increased in the airway submucosa of patients with COPD (53) . Our preliminary studies suggest that ICAM-1 expression is also increased in the airway epithelial cells of these patients (D. Schneider, M. Hershenson, U. Sajjan, unpublished observations). It is therefore conceivable that an increase in the expression in viral receptors plays a role in the increased susceptibility to RV observed in elastase/LPS-treated mice. Oxidative stress is another factor that can affect responses to acute viral infections. Cigarette smoke-induced oxidative stress has been shown to attenuate IFN production in response to double-stranded RNA (5). Our ongoing studies indicate that compared with PBS-treated control mice, elastase/LPS-treated mice show increased lung levels of thiobarbituric acid reactive substances, a measure of lipid peroxidation caused by oxidative stress (Ganesan, Hershenson, and Sajjan, unpublished results), and this could contribute the observed susceptibility of these mice to RV infection.
In RV-infected elastase/LPS-treated mice, airway hyperresponsiveness 7-14 days postinoculation paralleled increases in IL-13, TNF␣, and Muc5AC expression. IL-13 increases airway responsiveness and mucus secretion via the IL-4 receptor/ signal transducers and activators of transcription (STAT)-6 pathway (51) . TNF␣ acts synergistically with IL-13 to increase the smooth muscle response to cholinergic compounds (9) . Recently, RV infection was shown to induce Muc5AC expression in human bronchial epithelial cells by activation of epidermal growth factor receptor (EGFR) signaling (54) . Increased Muc5AC expression is present in the bronchial epithelium of COPD patients (7). IL-13 and EGFR activation may therefore contribute to RV-induced airway hyperresponsiveness.
Finally, we would like to note the similarities and differences between our mouse model of elastase and LPS exposure, other animal models of COPD, and human COPD. COPD has been modeled by exposure to cigarette smoke, chemicals, gases, proteases, and LPS, as reviewed in Ref. 29 . Mice exposed to cigarette smoke for 6 mo develop pulmonary emphysema, inflammation, and accumulation of macrophages in the alveoli, but do not show small airway obstruction or goblet cell metaplasia. Intratracheal administration of tissuedegrading enzymes such as elastase also leads to emphysematous lung lesions, but without obvious remodeling of small airways. As noted above, long-term intratracheal exposure to LPS (twice a week for 3 mo) causes both airway and alveolar changes that persist up to 8 wk after the final LPS administration (47). In our model, adding elastase to LPS decreased the required exposure time to 1 mo; furthermore, intranasal rather than intratracheal installation was sufficient to induce structural and function changes typical of COPD including pulmonary emphysema, loss of lung elastic recoil, hyperinflation, diffuse lung inflammation, goblet cell metaplasia, airway remodeling, and markedly increased numbers of neutrophils, T and B lymphocytes, monocytes, and immature macrophages in the airways and alveoli. Morphological and inflammatory changes were accompanied by increases in lung IL-1␤, IL-6, TNF␣, and MIP-2/CXCL2, as seen in humans with COPD (8) . These morphological and inflammatory changes lasted up to 8 wk after exposure (not shown). Most significantly, elastase and LPS treatment was associated with an impaired innate immune response to infection with RV, a clinically relevant viral pathogen. In contrast, mice treated with elastase or LPS alone for 4 wk showed intermediate changes in lung histology and no difference in RV clearance. On the other hand, we did not observe an increased ratio of CD8ϩ/CD4ϩ cells, as observed in human COPD.
In summary, we have shown that, in elastase/LPS-treated mice with histological and functional changes typical of COPD, clearance of RV from the lungs is limited, leading to prolonged airway hyperresponsiveness and lung hyperinflation, thus contributing to disease progression. Additional stud- ies employing this combined mouse model of COPD and RV infection may provide further insight into cellular mechanisms of COPD exacerbation.
